Previously, studies were conducted to retrospectively examine genetic properties of the 70-yr Pee Dee cotton germplasm enhancement program. Campbell et al. (2009) examined genetic relationships based on molecular marker and field performance data within the Pee Dee germplasm collection and found that useful genetic variation remains. Campbell et al. (2011) found that incremental genetic gains for agronomic performance while maintaining fiber quality performance occurred over eight cycles of organized breeding. Campbell et al. (2012) found that negative genetic correlations among agronomic and fiber quality traits have lessened following eight cycles of breeding to increase yield while simultaneously improving fiber quality.
Each of these studies provides information about the Pee Dee germplasm collection that is useful to public and private cotton breeding programs. However, mean germplasm line performance across environments may not adequately predict their value for use in plant breeding. Designing studies that allow for the estimation of genetic effects including additive, dominance, and their interactions with environment can provide information on the general and specific combining ability of specific genotypes. As suggested by Meredith (1984b) , combining ability studies can produce information about gene action in a base population and thereby aid parental line selection for producing crosses and segregating populations. Combining ability studies using an array of experimental designs have been performed in cotton (Cheatham et al., 2003; Hinze et al., 2011; Jenkins et al., 2009 Jenkins et al., , 2007 Jenkins et al., , 2012 McCarty et al., 2004a McCarty et al., , 2004b Meredith and Brown, 1998; Zeng et al., 2011; Zeng and Wu, 2012) .
In this report, we examine the mean performance and genetic effects of breeding populations derived from crosses involving recently developed elite Pee Dee germplasm lines. Since Pee Dee germplasm has been used almost exclusively as a source of improved fiber quality, one might hypothesize that the well-known negative relationship between agronomic performance and fiber quality has negatively affected the breeding potential of high quality Pee Dee germplasm for improved agronomic performance. Relative to other possible parental lines, the breeding potential or combining ability of Pee Dee germplasm for agronomic performance could be comparatively low. The objective of this study was to estimate genetic variance components and predict agronomic and fiber quality performance genetic effects for breeding populations derived from recently developed, elite Pee Dee germplasm.
MATERIALS AND METHODS

Development of Topcross Families
A total of 120 topcross families were developed using four elite Pee Dee breeding lines and two elite commercial cultivars. The Pee Dee breeding lines included two unreleased breeding lines (PD 97019 and PD 97047) and two released germplasm lines, PD 98066, registered as GA 98066 (PI 635119) (May et al., 2005) , and PD 99035 (PI 653111) (Campbell et al., 2009 ). The two elite commercial cultivars included Deltapine Acala 90 (DP 90 [PI 564767] ) and DES 119 (PI 606809) (Bridge, 1986) . Both commercial cultivars were selected based on their widespread use as parental lines in cotton breeding programs (Bowman and Gutierrez, 2003 
Field Design and Procedures
The 120 F 2 hybrids, 26 parental lines, and four commercial checks were evaluated in four environments in 2007 . In 2007 , the trial was conducted at the Clemson University Pee Dee Research and Education Center near Florence, SC. In 2008 and 2009, the trial was conducted at the E. V. Smith Research Center, Plant Breeding Unit in Tallassee, AL. In each trial, the hybrids, parental lines, and commercial checks were randomly assigned to a single replicate of a replicated, a-lattice incomplete block field design for each trial. With the exception of the 2007 trial in Florence, SC, that included three replicates, all trials consisted of four replicates. In each trial, the a-lattice consisted of 15 incomplete blocks of size 10. Because of limited seed amounts, plots consisted of single rows 10.6 m long planted in skip row fashion (i.e., no adjacent border rows). Trial management followed the established local production practices for dryland cotton production at each location. Each plot was harvested with a spindle-type mechanical cotton picker, and total seed cotton weight recorded. A 25-boll sample was hand harvested from each plot before harvest to determine lint percent and fiber quality properties. All samples from each location were ginned on a common 10-saw laboratory gin, and lint percent was determined by dividing the weight of the lint sample after ginning by the weight of the seed cotton sample before ginning. Lint yield was calculated by multiplying lint percent by seed cotton yield. In addition, a portion of the lint sample was sent to the Cotton Incorporated Fiber Testing Laboratory (Cary, NC) for determination of High Volume Instrument fiber properties. The fiber properties measured include upper half mean fiber length, fiber strength, and micronaire. 
RESULTS
Mean Comparisons among Topcross Parents and F 2 Hybrids
Data Analysis
Analysis of Phenotypic Data
Agronomic and fiber quality data were analyzed using a mixed model and the PROC GLM module of SAS version 9.2 (SAS Institute, 2008). The RANDOM statement was included to identify random effects and make F-tests using the appropriate error term. Initially, individual year-location data were analyzed and homogeneity of variance tests were conducted to determine if a combined analysis of variance could be conducted for each trait. After confirming homogenous error variance for each trait, the data were analyzed using two analysis of variance procedures. For ease of analysis, the replicate and incomplete block terms were combined to form a single "block" term; the block term was considered a random effect. Each year-location trial was considered a single environment; environment was considered a random effect. Genotypes were considered fixed effects. Fisher's protected LSD was calculated and used to make planned comparisons among least square means.
Genetic Analysis
An additive-dominance genetic model with genotype × environment interaction was used for data analysis following the procedures described by Jenkins et al. (2006) . In this study, some coefficients for genetic effects were fractions rather than 0 and 1; therefore, analysis of variance and general linear model methods were not appropriate. Therefore, a mixed linear model approach, minimum norm quadratic unbiased estimation (MINQUE) with an initial value of 1.0 called MINQUE1, was used to estimate the variance components (Zhu, 1989) . Genetic variances and genetic effects were calculated for each genetic component. The phenotypic variance was partitioned into components for additive variance, dominance variance, additive by environment variance, dominance by environment variance, and error variance; they were expressed as proportions of the total phenotypic variance (Tang et al., 1996; Wu et al., 2010) . Genetic effects were predicted by the adjusted unbiased prediction approach (Zhu, 1993) . Standard errors of variance components and genetic effects were estimated by randomized 10-fold jackknife resampling (Wu et al., 2008 Zhu, 1993 ). An approximate one-tailed t test was used to detect the significance of variance components. A two-tailed t test was used to detect the significance of genetic effects (Miller, 1974) . In addition, lower and upper limits of 95% confidence interval for parameters of interest were calculated so that multiple comparisons among parameters (i.e., additive effects) could be made accordingly.
The predicted genetic effects were deviations from the respective population grand mean. A t test was used to detect the significance of genetic effects from zero. These effects are measures of the additive or homozygous dominance effects for each of the 26 topcross parents. The 95% confidence intervals for additive and homozygous dominance effects were compared between the four Pee Dee combiners and the two commercial combiners. Heterozygous dominance effects were estimated for each combiner × elite breeding line combination. For each cross with a given elite breeding line, heterozygous dominance effects were compared between the Pee Dee and commercial combiners. The 95% confidence intervals for each heterozygous dominance effect were compared between the four Pee Dee combiners and the two commercial combiners. Tables 2, 3 , 4, 5, and 6 provide mean trait values for all 120 F 2 hybrids combined across environments. The highest lint percent was produced by the GA200036 × PD 99035 hybrid (Table 2) . Averaged across each of the six combiners, five U.S. breeding lines produced hybrids that displayed equally high lint percent. These included Table 2 . Lint percent (%) of F 2 hybrids derived from crosses of 20 elite U.S. breeding lines and six combiners including four Pee Dee lines and two commercial cultivars. The least significant difference between means at the two-tailed 95% probability level is 0.87%. in hybrids with similar lint yield. On average, AGC375, AGC208, MD15, and NM1155 resulted in hybrids with the lowest lint yield. Averaged across hybrids, each of the six combiners resulted in hybrids of similar lint yield. Four F 2 hybrids had equally high fiber strength (Table 4) . Three of the four highest in fiber strength involved hybrids with DES 119 (GA200036, MD09ne, and MD15) and the other with DP 90 (MD15). Hybrids involving LA03404148, MD90ne, and MD15 exhibited the highest fiber strength. Compared to hybrids derived from the other five combiners, those involving PD 97019 produced lower fiber strength. For fiber length, seven individual F 2 hybrids exhibited the longest fibers (Table 5 ). These seven hybrids were derived from PD 98066, PD 99035, and DES 119 as the combiner and AGC375, AGC208, MD09ne, and MD15 as the U.S. breeding line parent. Considering the 20 U.S. breeding lines, averaged across each of the six combiners, AGC85, AGC375 and AGC208 produced hybrids with the longest fibers. Compared to the other four combiners, hybrids with PD 98066 and PD 99035 had the longest fibers. Table 6 shows that all F 2 hybrids produced micronaire values below the 5.0 discount range (Hake et al., 1990) . Averaged across the 20 U.S. breeding lines, each combiner produced F 2 hybrids with similar micronaire values.
A primary goal of cotton breeding programs is to simultaneously combine desirable agronomic and fiber quality performance. The well-known, negative relationship among agronomic and fiber quality performance traits hinders the ability to develop germplasm with desirable values for both traits (Campbell et al., 2012) . To determine the ability of the six male combiners used in this study to generate offspring with desirable agronomic and fiber quality performance, we investigated per combiner the relationship between lint percent and both strength and length. Figures 1 and 2 show the scatter plot of strength ( Fig. 1) and length (Fig. 2) regressed on lint percent for the 20 offspring derived from each of the six male combiners. The strongest negative relationship between lint percent and strength was found for offspring derived from both PD 98066 (R 2 = 0.49) and DES 119 (R 2 = 0.65). There appeared to be a weak or no linear relationship between lint percent and strength for offspring derived from four male combiners including (i) PD 97019 (R 2 = 0.00), (ii) PD 97047 (R 2 = 0.19), (iii) PD 99035 (R 2 = 0.22), and (iv) DP 90 (R 2 = 0.11). Similarly for lint percent and length, the strongest negative relationship was found for offspring derived from both PD 98066 (R 2 = 0.51) and DES 119 (R 2 = 0.40). There appeared to be a weak or no linear relationship between lint percent and strength for offspring derived from four male combiners including (i) PD 97019 (R 2 = 0.21), (ii) PD 97047 (R 2 = 0.04), (iii) PD 99035 (R 2 = 0.28), and (iv) DP 90 (R 2 = 0.07). Considering the six male combiners, these data suggest that the negative relationship between lint percent and strength or length was more frequently found in offspring derived from PD 98066 and DES 119.
Variance Components and Genetic Effects
Variance components were estimated and expressed as proportions of the phenotypic variance. These can be Table 6 . Micronaire (units) of F 2 hybrids derived from crosses of 20 elite U.S. breeding lines and six combiners including four Pee Dee lines and two commercial cultivars. The least significant difference between means at the two-tailed 95% probability level is 0.2 units. considered as measures of heritability (Table 7) . Variance components for additive, dominance, dominance × environment interaction effects, and residuals were significant (p < 0.01) for all phenotypic traits. Additive × environment interactions were only significant for micronaire. Additive effects accounted for between 1.9 (lint yield) and 21.8% (fiber strength) of the total variance. Dominance effects accounted for between 7.8 (lint yield) and 49.4% (lint percent) of the total variance. Dominance × environment interactions accounted for between 16.4 (micronaire) and 51.3% (lint yield) of the total variance. Residuals accounted for between 20.7 (lint percent) to 52.0% (micronaire) of the total variance. The lack of significant additive × environment interactions was consistent with other recent cotton combining ability studies (Jenkins et al., 2009; Zeng and Wu, 2012) . Not surprisingly, the proportion of the total variance attributed to each variance component differed from previously conducted studies (Jenkins et al., 2009; Zeng and Wu, 2012) . As noted in Zeng et al. (2011) , variance component proportions often differ depending on the genotypes being evaluated. To assess the breeding potential of the six male combiners used in this study, we estimated the additive and dominance effects of each combiner. As noted in Jenkins et al. (2009) , genetic effect estimates can be translated as follows: (i) additive effects represent general combining ability, (ii) homozygous dominance effects represent inbreeding depression, and (iii) heterozygous dominance effects represent specific combining ability. For each genetic effect, we tested if the effect was different than zero. Estimated genetic effects were also compared between the four Pee Dee lines and the two commercial cultivars.
Additive effects and their standard errors were estimated on a per-trait basis. Additive effects for each of the six male combiners were compared; these effects represent general combining ability (Table 8) . PD 97047 and PD 99035 had lower additive effects than DP 90 for lint percent; PD 98066 had an additive effect higher than DP 90. For this trait, the four Pee Dee lines had higher additive effects than DES 119. PD 97047 had an additive effect higher than DP 90 for lint yield; three of the four Pee Dee lines had additive effects higher than DES 119. For fiber strength, PD 97019 had an additive effect lower than DP 90; PD 99035 had an additive effect higher than DP 90. PD 97019, PD 97047, and PD 98066 had additive effects lower than DES 119. For fiber length, PD 97019 had an additive effect lower than DP 90; PD 97047 had an additive effect lower than DES 119. PD 98066 and PD 99035 had additive effects higher than DP 90 and DES 119. For micronaire, PD 98066 had an additive effect lower than DP 90; PD 99035 had an additive effect lower than DP 90 and DES 119.
Homozygous dominance effects were predicted and their standard errors estimated on a per-trait basis. These effects were compared for each of the six male combiners to represent inbreeding depression effects (Table 9) . For lint percent, PD 97019 and PD 98066 had lower inbreeding depression effects compared to DP 90 and DES 119; PD 97047 had a lower effect compared to DES 119. PD 99035 had a higher inbreeding depression effect compared to **Significant at the 0.01 probability level. Tables S1, S2 , S3, and S4). No strong trends specific to any of the male combiners were evident. However, for fiber length and micronaire, topcrosses involving PD 99035 appear to transmit more beneficial specific combining ability effects. Of 20 topcross combinations, 11 combinations involving PD 99035 displayed positive specific combining ability for fiber length (beneficial) whereas only one combination displayed positive specific combining ability for micronaire (detrimental). In general, these results suggested heterozygous dominance effects differ depending on the specific topcross parent × male combiner cross combination.
DISCUSSION
Progress in plant breeding can be greatly facilitated with knowledge of the breeding potential of specific germplasm or germplasm pools. In this study, when used in topcrosses with a subset of breeding lines developed in eight different public U.S. cotton breeding programs, we evaluated the breeding potential of Pee Dee germplasm. Considering four Pee Dee germplasm line combiners and two commercial combiners, we compared parental line mean performance, hybrid performance, and estimated genetic effects. Compared to well-known, commercial combiners DP 90 and DES 119, the Pee Dee germplasm combiners showed similar or better breeding potential. Previously, cotton topcross studies have been effective in determining the breeding potential of specific germplasm. A topcross design was used to determine the breeding potential of exotic, converted day-neutral accessions (McCarty et al., 2004a (McCarty et al., , 2004b . Topcross designs have been used successfully to determine the breeding potential of interspecies chromosome substitution lines (Jenkins et al., 2006 . Zeng and Wu (2012) successfully used a topcross design to determine the breeding potential breeding lines with exotic origins.
To determine if any obvious trends existed among hybrids derived from crosses using 20 breeding lines from eight different U.S. cotton breeding programs represented in this study, we compared the mean of hybrids from each of the eight breeding programs, averaged both across combiners and per male combiner, to the overall hybrid mean. It is important to note that these inferences pertain to the breeding potential of each of the 20 breeding lines used in this study and do not necessarily represent the broader breeding potential of all germplasm developed in each of the eight U.S. breeding programs. For lint percent, hybrids averaged across combiners involving USDA-ARS, Stoneville, MS, germplasm were greater than one LSD below the overall hybrid mean. Hybrids involving three of the six combiners were one LSD below the overall hybrid lint percent mean. Averaged across male combiners, hybrids involving University of Arkansas germplasm were greater than one LSD below the overall hybrid mean for strength. University of Arkansas hybrids involving three of the six combiners were one LSD below the overall hybrid strength mean. Averaged across male combiners, hybrids involving USDA-ARS, Stoneville, MS, germplasm were greater than one LSD above the overall hybrid strength mean. The USDA-ARS, Stoneville, MS, hybrids involving all six combiners were one LSD above the overall hybrid strength mean. Averaged across male combiners, hybrids involving USDA-ARS, Maricopa, AZ, germplasm were greater than one LSD above the overall length hybrid mean. The USDA-ARS, Maricopa, AZ, hybrids involving four of the six combiners were one LSD above the overall length hybrid mean. For lint yield and micronaire, hybrids derived from the eight different U.S. breeding programs and averaged across combiners did not differ from the overall hybrid mean. Considering the eight U.S. breeding programs represented in this study, excellent sources of fiber quality are clearly provided from hybrids derived from the elite breeding lines used in this study from the USDA-ARS, Stoneville, MS (strength), and USDA-ARS, Maricopa, AZ (length), germplasm enhancement programs.
Pearson correlation coefficients were calculated between the mean of crosses involving each of the six male combiners and the mean performance of each male combiner to investigate the ability of parental line mean performance to predict the agronomic and fiber quality performance of hybrid offspring. The correlation coefficients were 0.32 for lint percent, 0.52 for lint yield, 0.71 for strength, 0.70 for length, and -0.10 for micronaire. These data suggested that parental line performance was a fairly good predictor for strength and length; however, it was a weaker predictor for lint percent and micronaire.
Overall when using Pee Dee germplasm in early stages of a breeding program, our results suggested no detrimental effects for agronomic and fiber quality performance. Based on the scatter plots in Fig. 1 and 2 , both PD 98066 and DES 119 appear to generate offspring that maintain the negative relationship between agronomic and fiber quality performance. The negative relationship among offspring derived from PD 97019, PD 97047, and DP 90 appears to have weakened. However, the weakened, negative relationship appears to be associated with lower strength and/or length.
Our results suggested a good candidate for generating high fiber quality potential with a weakened negative relationship with agronomic performance is PD 99035. Interestingly, Campbell et al. (2012) identified several Pee Dee germplasm lines representing rare recombination events that overcome the negative linkage between agronomic and fiber quality performance. Although not included in that study, it is plausible that PD 99035 represents such a rare recombinant. In a half-diallel involving four older Pee Dee germplasm lines and a commercial cultivar, Green and Culp (1990) identified two Pee Dee germplasm lines (PD 3249 and 'SC-1') as sources to simultaneously improve yield and fiber quality. In terms of specific crosses, AGC375 × PD 99035 generated offspring with high lint percent, strength, and length that was one LSD higher than the overall mean for each trait. MD09ne × PD 97019 generated offspring with lint percent and strength one LSD higher than the overall mean for each trait. The mean lint yield for both cross combinations did not differ from than the overall mean. GA20035 × PD 98066 generated offspring with lint yield and length one LSD higher than the overall mean for each trait. Compared to the overall mean, the mean for GA20035 × PD 98066 offspring was not different for lint percent and strength. In summary, cotton breeders can use the information provided herein as an informative parental line selection tool. This information should facilitate the development of elite breeding lines, recurrent parents, and/ or commercial cultivars.
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